Abstract -Established in 1743 in Naples following a commission of Charles of Bourbon, the factory of Capodimonte was dedicated to the production of porcelain. The history of the manufacture and its products are well known, but not the production techniques and the raw materials used. This work presents the results of the archaeometric characterisation of Capodimonte porcelain. Chemical analyses by means of SEM-EDS, observation by optical microscopy in thin section, and crystalline phase composition by X-ray diffraction were carried out in order to investigate the characteristics of the raw materials used for the ceramic body and to establish the firing conditions. The pastes of Capodimonte porcelain are siliceous and show a homogeneous chemical composition, permitting us to infer that the more likely formulation of the starting batch was: 70 -75% of quartzrich sand, 15 -20% of clay, and 5-10% of soda and maybe tartar. In contrast, the pastes show different proportions of crystalline phases (quartz, cristobalite, and tridymite), which allow us to evaluate a firing temperature range of 1050 -13008C. Capodimonte porcelain is significantly different from all other contemporary European porcelain. It would thus probably be appropriate to design a new category for it, which could be called 'siliceous porcelain'.
Introduction
Capodimonte porcelain was born following a commission of Charles of Bourbon, who became King of Naples and Sicily in 1734. The passion for porcelain, which was widespread at the time in all European Courts, also affected Charles. After the marriage with Maria Amalia of Walpurgis, granddaughter of Frederick Augustus the Strong, Elector of Saxony and founder of the Meissen Porcelain Factory (1710), Charles received as a dowry beautiful collections of porcelain produced in Germany and decided to start his own production. Consequently, the Capodimonte porcelain factory was established in 1743 and installed in the Royal Factory in Naples, operating until 1759, when Charles became King of Spain and moved the manufacture to Madrid, in the Buen Retiro Park.
Capodimonte porcelain has been the subject of numerous studies, but almost all of them focused on art-historical matters. Investigations of the chemical-physical and technological aspects have been performed only by the chemist Orazio Rebuffat (Rebuffat 1905) and, in more recent years, by the staff of the Professional Institute "G. Caselli" in Capodimonte, with the collaboration of the University Federico II of Naples and the Superintendence of Artistic and Historical Heritage in Naples (Mascolo 1993; Dell'Agli et al. 1995; Pepe 1995) .
The scarcity of information concerning the manufacture of Capodimonte, due to the destruction of the documentary archives of the factory, has certainly made the investigations more difficult than those performed on other European porcelain manufactures. The available documentation is mainly constituted by the reports presented to the Pontaniana Academy by Camillo Minieri-Riccio (Minieri Riccio 1878a, 1878b) and Giuseppe Novi (Novi 1878) after studying the eleven original collections of correspondence of the Royal Factory of Capodimonte, subsequently destroyed during World War II.
According to the historians, the Capodimonte manufacture was characterised by a very intense production (30,000-40,000 items per year) and by a strong effort to elaborate new models and to experiment innovative technological procedures in order to industrialise the production (Musella Guida 1983) . In the beginning, the products mainly consisted of items for domestic use, such as plates, cups, vases, coffeepots, etc. (Fig. 1a) , with a minority of ornamental objects. The artefacts were shaped by hand, on a lathe, or by molding, depending on the complexity of the shape. The first firing was carried out at the maturation temperature of the paste, and the second one likely after the application of lead-rich glazes.
However, the results were not entirely satisfactory, mainly due to a non-favourable production context. Although a lively intellectual environment and an ancient tradition of majolica production were present in Naples, the skill level of the workers was not suitable for the production of porcelain, and various attempts were made to 'steal' personnel from other manufactures. It is not a coincidence that the key roles of the entire manufacturing organisation of the newly Cite this article as: Fabbri B, Gualtieri S, Amato F (2014 Despite the use of several technical devices, the production of Capodimonte was characterised by a very high percentage of waste, around 30%. Over the years, the high amounts of waste and the low technical characteristics of the product, especially the poor thermal shock resistance, led to orienting the production towards ornamental objects, like the large groups of figures of which an example is shown in Figure 1b .
The objective of this study is to compensate for the previous scarcity of information, mainly by supplying technological information pertaining to this porcelain. Therefore, the archaeometric investigation presented here was aimed at defining the chemical and microstructural peculiarities of this material, in order to obtain information on the raw materials used and the manufacturing processes involved in its production. This study is an expansion of previous archaeometric studies (Mascolo 1993; Dell'Agli et al. 1995) , as it significantly increases the total number of samples analysed. In addition, our selection criteria for the samples, as illustrated below, provide a more reliable and evident connection between the analytical results and the specific characteristics of the production context.
Materials
The analysed samples were selected from the many fragments found in 1950 in ancient discharge pits of the factory, located in the park of Capodimonte in Naples (Liverani 1959 ). The present study considers 22 fragments whose dimensions allow recognising, in most cases, the shape and the use of the original objects, mainly cups and plates (Fig. 2) . The authenticity of the finds is confirmed by the presence of the brand of the Bourbons, represented by the under-glaze blue fleur-de-lis, located on the bottom of most of the objects.
According to naked-eye observations, the sherds to be analysed were selected based on the presence or absence of glaze and the colour of the glaze and paste: The crystalline phase composition was obtained by X-ray diffraction, using a Rigaku-Geigerflex diffractometer with an angular range 2u from 4 to 648 and a scanning rate of 28 per minute.
Finally, observations in thin section at the optical microscope were carried out with the purpose of confirming the presence or absence of the glaze and the characteristics of the macroporosity already observed with the scanning electronic microscope. The observations were performed on a selection of samples, for which the available material was sufficient for a thin section. A Leitz microscope, model Laborlux 11 POL S, was used, providing magnification up to 400x. homogeneous compositions, characterised by very abundant silica, between 82 and 86% SiO 2 approximately, except for only two samples (183v and 185), with an amount of silica of less than 80%. Another abundant component is alumina (mostly between 5 and 8% Al 2 O 3 ), followed by potassium (2 -3% K 2 O), sodium (1 -4% Na 2 O), and calcium (1 -2% CaO). The white and the violet parts of sample 183 show a very high content of potassium, between 5 and 6% K 2 O; in addition, the violet part contains an unusually high amount of calcium oxide (more than 4% CaO).
Results

Chemical composition
The constant presence of tin dioxide is very curious, although in rather low concentrations, usually below 1% SnO 2 , with the exception of sample 185 (3.50% SnO 2 ). This presence should be indicative of an intentional introduction of tin oxide in order to make the paste whiter. The low concentration of tin can raise some doubts about its real effectiveness, but the fact that tin is distributed only in the glassy matrix should be taken into account, and thus its percentage in this phase should be at least doubled. Lead oxide was only found in 9 samples: four with trace levels (, 0.2% PbO), three around 1% PbO, and two (samples 183v and 185) which exceed 2% PbO. The accidental presence of lead, its low concentration, and the lack of correlation with the tin would exclude the hypothesis of an intentional introduction into the paste. As a consequence, it can be hypothesised that the presence of lead is due to pollution during the preparation of the paste or during firing. Considering that the body becomes impermeable during the first firing, so that it cannot absorb any vapour during the second firing of the artefacts, the first hypothesis would seem the most likely. Alternatively, it could be assumed that unglazed items were fired together with items on which a lead-rich glaze had been applied. This solution is actually known from other contexts, where it was carried out in order to make the most of the uneven distribution of the heat inside the kilns (Kingery 1986 ). For this purpose, the unglazed items were placed in the warmest areas of the kiln.
All the other detected elements are very scarce: MgO, Fe 2 O 3 , and P 2 O 5 values are all inferior to 0.5%; SO 3 and Cl , 0.3% each. However, sample 185 shows relatively higher values of sulphur and chlorine (0.40 and 0.46%, respectively). Some other elements (arsenic, barium, chromium, manganese, strontium and zinc) were sporadically detected in low quantities. The manganese content (0.18% MnO) identified in the violet portion of sample 183 justifies its colour, thus excluding other possible hypotheses. In contrast, no element was found that can justify the very light blue colour of some pastes (144, 170, and 190) , but it is possible that it is related to very low concentrations of some elements that are not clearly detectable by chemical analysis using SEM-EDS. Finally, taking into account the absence of other specific colouring elements, the pale brown colour of sample 140 can be attributed to iron, as a result of firing in an oxidising atmosphere.
Microstructure and mineralogical composition
The twenty-two artefacts observed using electron microscopy have been subdivided into three groups based on the dimension and shape of the pores, also supported by observations in thin section. The first group includes eight samples (27, 140, 161, 170, 182, 185, 186, and 188) which are mainly characterised by roundish pores, of the order of 50 mm in diameter, with rounded borders (Fig. 3a) ; sample 170 shows slightly larger pores, around 80 -100 mm in diameter (Fig. 3b) . The second group includes 10 finds (9, 42, 104, 172, 173, 176, 177, 180, 191, and 192) , in which the pores are larger on average and more elongated, with rough borders. The pore sizes vary from a few tens of microns to over a hundred microns (Fig. 3c) . The third group consists of only four samples (19, 144, 183, and 190) ; the characteristics of the pores are similar to those of the second group, but their sizes are significantly larger, up to a maximum of 300 -400 mm (Fig. 3d) . It can be hypothesised that the different shapes and the size distribution of the pores are to be mainly associated to different firing conditions of the artefacts.
Since the pastes contain more than 80% of silica, their diffraction patterns show only the presence of polymorphous phases of this oxide, i.e., quartz, cristobalite and tridymite (Fig. 4) , of course accompanied by a certain amount of glass. Quartz and cristobalite are present in all the samples, albeit in different proportions, while tridymite has only been found in 6 samples (104, 172, 180, 182, 183v, and 190) . Because cristobalite is formed through the phase transformation of primary quartz, it can be assumed that the samples containing less cristobalite were fired at the lowest temperatures, around 10508C (Wu et al. 2002) . In contrast, the samples with the lowest contents of quartz were fired at the highest temperatures, around 12508C. Taking into account the peak intensities in XRD patterns, most of the samples have a cristobalite/quartz ratio slightly lower or slightly higher than 1, so that a firing temperature of 1100-12008C can be attributed to them. As concerns tridymite, it is hypothesised that it formed through crystallisation from the melt during the cooling phase of the firing cycle. Therefore, the samples richest in tridymite should be those which developed the greatest amounts of melted material, as a result of a higher temperature or a greater fusibility of the paste. In reality, the crystallisation of tridymite from a melt is also strongly influenced by the cooling rate. Therefore, the samples containing tridymite are the ones which underwent a slower cooling phase after having attained the maximum temperature. It is possible that the firing temperature deduced for the coated products is slightly in excess, as they underwent a double firing, for paste and glaze respectively.
Discussion
The results obtained from the observations with the scanning electron microscope allowed highlighting microstructural differences related to the characteristics of the pores, which can be attributed to several causes. The grain size distribution and milling degree of the raw materials, for example, mainly affect the size and size distribution of the pores. On the other hand, the viscosity of the melted phase and the firing conditions exert their main influence on pore morphology, i.e. their sphericity and roundness.
As a general rule, the samples characterised by wellrounded pores with high sphericity could have originated from a less viscous melted phase at high temperatures. However, the effects of the above-mentioned causes are often in opposition to each other, so that it is practically impossible to determine which are the most important causes in each case. In addition, during the firing of the glaze, at a lower temperature than the previous one, the melted phase may retain low viscosity to permit a restructuring of the pores, probably with the aggregation of several small bubbles into a few larger bubbles. Our results confirm these indications; in fact, no correlation emerges between the morphology of the pores and either the estimated firing temperature or the composition of the chemical paste. Capodimonte porcelain: a unique manufacture It would seem that the thermal treatment aimed at the firing of the glaze also influenced the crystalline phases, in particular their proportions. The second firing lengthens the total time of the firing process and this could facilitate the formation of a larger amount of silica phases corresponding to the highest temperature ranges (cristobalite and tridymite). In any case, the maximum firing temperature has been evaluated in the range 1050-12508C. Such a wide temperature range is not only due to differences between a batch and the other, but perhaps especially to differences between the various areas of the kiln, where variations up to 1508C can be considered normal (Kingery and Smith 1985; Kingery 1986 ).
Starting from the chemical data shown in Table 1 , some considerations related to the composition of the raw paste can be developed. The paste should contain at least three components which perform the three fundamental roles of the ceramic process: a quartz-rich raw material for the structure, a clay for plasticity, and an alkaline raw material for the melting. As for the definition of the type of alkaline material, some help is provided by the correlation diagram (Na 2 O þ K 2 O) vs. Al 2 O 3 (Fig. 5) . Excluding two apparently anomalous samples (144 and 190), this correlation is negative, although the correlation coefficient (0.556) is not very significant from a statistical point of view. This tendency allows hypothesising that alumina and alkalis are contained in different raw materials. As a consequence, it would be possible to exclude the use of feldspar and to propose the use of alumina-free minerals, like salt and soda for sodium and barrel tartar for potassium, as reported by Novi (1878) and Pepe (1995) . On the other hand, soda was also used during the same period in the Tuscan porcelain manufacture of Doccia, near Florence (Biancalana 2006) . Finally, soda and barrel tartar were usually employed in the preparation of glazes for majolica (Piccolpasso 1879), whose production was widespread at that time in Naples and the surrounding area.
Taking into account the concentrations of silica, alumina, sodium, and potassium, it can be deduced that the formula of the raw mixture would be not very different from the following: siliceous sand 70-75%, clay 15 -20%, soda plus tartar 5-10%. This is a composition with very little plasticity, which probably entailed substantial processing difficulties, especially in the shaping phase. The high amount of quartz, with its phase transitions (especially b-quartz to a-quartz during cooling), could be one of the principal causes of the large percentage of wastes that characterised the Capodimonte manufacture throughout its period of activity.
Finds 183 and 185 appear slightly anomalous, perhaps due to the difficulty of keeping constant the characteristics and the initial proportions of raw materials. We exclude the possibility that the two finds are products deliberately obtained from mixtures with different composition. In particular, the two parts of sample 183 are significantly different from each other with respect to some of the major elements, such as calcium (4.5 and 1.5% CaO, respectively), silica (78 and 82%, respectively), and to a lesser extent lead Kingery and Vandiver, 1984. (b) Kingery, 1986. (c) Kingery and Smith,1985. (d) Freestone, 1999. 
2%, compared to 11.9%).
Bottger and Meissen hard porcelain is characterised by a high quantity of alumina, due to the use of kaolin in the raw mixture. In contrast with the first Bottger production, the subsequent production of the Meissen manufacture does not indicate the use of calcium compounds, which are substituted by potassium minerals.
The soft French porcelain produced in St. Cloud, Vincennes, and Chantilly is homogeneous and characterised by the presence of calcium, in a proportion of around 15% CaO. In contrast, the composition of the soft English porcelain is more variable and different typologies can be identified (Freestone 1999) . In Chelsea, it is characterised by a high amount of calcium, like in France, and by the presence of lead (more than 4% PbO). In Limehouse, on the contrary, the quantity of calcium is very low, while the silica and alumina contents are significantly higher.
The use of bone ash is attested for the first time in Bow, so that the product (Bone China) has a very high amount of phosphorous (15.3% P 2 O 5 ) and calcium. In Worcester, instead, porcelain is produced by employing a mixture of raw materials which includes soapstone, as indicated by the high magnesium content; in addition, the paste contains a significant amount of lead.
The above observations clearly underline that the so-called 'soft porcelain' includes a series of products completely different between one another from the chemical point of view. They probably also differ in terms of their production requirements and the characteristics of the finished product. Therefore, the simplistic division of porcelain into 'hard' and 'soft' should be abandoned, and replaced with a more complete classification based on the chemical composition.
Conclusions
The paste of Capodimonte porcelain is siliceous and shows a very homogeneous composition, while the different proportions of the silica phases (quartz, cristobalite, and tridymite) and the amount of glassy phase indicate different firing temperatures. Therefore, it appears evident that in the manufacture, the control of the raw materials was easier to accomplish than the control of the firing conditions. The more likely formula of the starting batch appears to be: 70 -75% of quartz-rich sand, 15 -20% of clay, and 5-10% of soda plus tartar.
The chemical composition of Capodimonte porcelain is very different from that of the other contemporary European porcelains. This makes it possible to propose a new category of porcelain, which could be called 'siliceous porcelain'. Furthermore, we also propose that devising a new classification of the so-called 'soft porcelain' would be useful, because the term includes completely different formulas, which of course give rise to final products with different specifications.
The firing temperatures were mostly estimated to be in the range of 1100 to 12008C according to the relative proportions of quartz and cristobalite. The presence of tridymite in some samples seems to be also related to the cooling rate, in addition to the effects of the high firing temperature.
The ceramic body is characterised by an abundant closed porosity formed due to the high viscosity of the melt, so that the gases originated during firing could not escape from the paste. The size, shape, and morphology of the pores vary from one sample to another according to the variations in firing conditions and the different viscosity of the melt.
The violet colour of one body is due to the occasional presence of manganese, while the light brown colour of another sample is attributable to iron, as a result of firing in an oxidising atmosphere.
The investigation of Capodimonte porcelain is ongoing, with the aim of characterising the glazes and obtaining new information with regards to the manufacturing process of this unique soft porcelain typology.
